Spo0J (stage 0 sporulation protein J, a member of the ParB superfamily) is an essential component of the ParABS (partition system of ParA, ParB, and parS)-related bacterial chromosome segregation system. ParB (partition protein B) and its regulatory protein, ParA, act cooperatively through parS (partition S) DNA to facilitate chromosome segregation. ParB binds to chromosomal DNA at specific parS sites as well as the neighboring nonspecific DNA sites. Various ParB molecules can associate together and spread along the chromosomal DNA. ParB oligomer and parS DNA interact together to form a high-order nucleoprotein that is required for the loading of the structural maintenance of chromosomes proteins onto the chromosome for chromosomal DNA condensation. In this report, we characterized the binding of parS and Spo0J from Helicobacter pylori (HpSpo0J) and solved the crystal structure of the C-terminal domain truncated protein (Ct-HpSpo0J)-parS complex. Ct-HpSpo0J folds into an elongated structure that includes a flexible N-terminal domain for protein-protein interaction and a conserved DNA-binding domain for parS binding. Two Ct-HpSpo0J molecules bind with one parS. Ct-HpSpo0J interacts vertically and horizontally with its neighbors through the N-terminal domain to form an oligomer. These adjacent and transverse interactions are accomplished via a highly conserved arginine patch: RRLR. These interactions might be needed for molecular assembly of a highorder nucleoprotein complex and for ParB spreading. A structural model for ParB spreading and chromosomal DNA condensation that lead to chromosome segregation is proposed.
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arginine patch | chromosome segregation | ParABS | ParB spreading | parS T he integrity of chromosomes and plasmids relies on precise DNA replication and segregation (1, 2) . The initiation of DNA replication has to synchronize with the cell cycle to ensure precise chromosome segregation (3) . In bacteria, the chromosomeencoded plasmid-partitioning system (Par) (4) and the structural maintenance of chromosomes (SMC) condensation complex (5) are two highly conserved systems associate with chromosome segregation and organization. SMC contributes to the overall stability and organization of genome (6) (7) (8) . The partition system denoted ParABS is comprised of two proteins (ParA and ParB) and a centromere-like DNA element (parS) (9) . ParB binds specifically to parS to form a complex. After binding ATP, ParA can interact with the ParB-parS complex to form a nucleoidadaptor complex. ParB promotes the ATP hydrolysis activity of the complex to separate the chromosomes (9) (10) (11) (12) (13) .
In the bacterial chromosomal ParABS system, ParB has two functions: one is to regulate chromosome replication and sporulation (8, 12, 14) and the other is to participate in chromosome segregation (5, (15) (16) (17) . ParB spreads along the chromosomal DNA by binding at specific parS and nonspecific DNA sites to form a high-order partition complex (18) (19) (20) . This partition complex is required for the loading of SMC onto the chromosomal DNA (5) . In addition, the N-terminal domain of ParB can interact with ParA and stimulate its ATPase activity (21) . This nucleoid-adaptor complex, ParA-ParB-parS is used to drive chromosome segregation (22, 23) . However, the detailed mechanism for this process is still unclear.
Members of the ParB superfamily share similar functional domains: an N-terminal domain for protein-protein interactions, a central DNA-binding domain for parS binding, and a C-terminal domain for ParB dimerization (24) . Two conserved N-terminal domain residues, Lys3 and Lys7, in the ParB from Bacillus subtilis (BsSpo0J), have been shown to interact with its regulatory protein BsSoj, a member of the ParA superfamily (3). The loss-of-function BsSpo0J R80A mutant was originally discovered by Autret et al. (25) and reportedly has disrupted focus formation by fluorescence microscopy. More recently, Graham et al. (20) showed that BsSpo0J bridges chromosomal DNA using single-molecule experiments. However, its R79A, R80A, and R82A mutants could not spread in vivo and did not bridge DNA in vitro. These highly conserved arginine residues were defined as an arginine patch (20) . Furthermore, Broedersz et al. (26) studied the condensation and localization of ParB by computational simulation.
The crystal structures of ParB superfamily proteins have been reported for a DNA-free form of TtSpo0J (from Thermus thermophilus, containing the N-terminal and the DNA-binding domains) (10) and three complexes: the RP4-KorB-O B complex (from plasmid RP4, containing the DNA-binding domain) (27) , the P1 ParB-parS complex (from Enterobacteria phage P1, containing the DNA-binding and the C-terminal domains) (28) , and the F-SopB-sopC complex (from plasmid F, containing the DNA-binding domain) (29) .
The Helicobacter pylori ParABS system consists of HpSoj (ParA), HpSpo0J (ParB), and parS DNA (30, 31) . Herein, we report the crystal structure of a C-terminal domain truncated
Significance
In the ParABS (partition system of ParA, ParB, and parS) bacterial chromosome partitioning system, ParB (partition protein B) spreads along the chromosomal DNA and a high-order complex is required for this function. Although ParB spreading has been studied, the detailed mechanism is still unclear. Herein, we report the crystal structure of the C-terminal domain truncated protein (Ct-HpSpo0J)-parS complex and reveal the structural basis for ParB spreading and chromosomal DNA condensation. Our structural and biochemical data show that ParB forms a high-order nucleoprotein: the ParB-parS complex. From these results, we propose how ParB possibly associates with other proteins through its protruded N-terminal domains, how ParB spreads along the chromosomal DNA by parS binding, and how ParB bridges DNA to compact and condense the chromosome during chromosome partitioning.
HpSpo0J (Ct-HpSpo0J)-parS complex. The N-terminal and the DNA-binding domains are present on Ct-HpSpo0J. The structural details of the complex in combination with results from EMSAs, fluorescence anisotropy assay, and small angle X-ray scattering (SAXS) allow us to propose a model for ParB spreading as it relates to chromosome segregation.
Results
HpSpo0J and parS Binding. Full-length HpSpo0J (residues 1-290) and the C-terminal domain truncated Ct-HpSpo0J (residues 1-240) were expressed in and isolated from Escherichia coli. Size exclusion chromatography in conjunction with multiangle light scattering (SEC-MALS) measurements indicate that HpSpo0J (62.0 kDa) is dimeric and Ct-HpSpo0J is monomeric (29.7 kDa) in solution (Fig. S1A) . On adding the parS DNA (16.1 kDa), the HpSpo0J-parS complex (73.5 kDa) was observed with a binding stoichiometry of two HpSpo0J to one parS (Fig. S1A) .
ParS binding by HpSpo0J or Ct-HpSpo0J was examined further with EMSA (Fig. 1A) . HpSpo0J and Ct-HpSpo0J were complexed with parS at a protein to DNA ratio of 2:1 or greater. Furthermore, Ct-HpSpo0J has a higher affinity for parS than HpSpo0J. However, this observation is not conclusive because HpSpo0J tends to aggregate and precipitate. In addition, Ct-HpSpo0J binds specifically to double-stranded parS. It does not bind single-stranded parS or single-or double-stranded random DNA as shown by fluorescence anisotropy measurements (Fig. 1B) . The dissociation constant of the Ct-HpSpo0J-parS complex is 0.31 ± 0.06 μM, similar to that of the P1 ParB-parS complex (32) .
The Ct-HpSpo0J-parS Crystal Structure. Ct-HpSpo0J was crystallized in the presence of parS (24 bp) at a ratio of 4:1, using PEG 8000 as the precipitant. The structure was determined at a resolution of 3.1 Å by the selenium multiwavelength anomalous dispersion method (33) . The overall structure of the Ct-HpSpo0J-parS complex is shown in Fig. 2 . Two Ct-HpSpo0J molecules interact with one parS. Each protein molecule interacts with half of the parS site and array on opposite sides of parS ( Fig. 2A) . Ct-HpSpo0J contains only the N-terminal (α1-3 and β1-3) and the DNA-binding (α4-10) domains. It folds into an elongated structure with a dimension of 78 Å (Fig. 2B ). Ct-HpSpo0J binds to parS with the α5 and the α6 helices, forming a typical helixturn-helix (HTH) binding motif. Arg159, Asn164, Lys190, Arg215, and Glu218 interact directly with the parS bases via hydrogen bonds. Residues Arg159 and Asn164 form specific interactions with the parS major groove. These two residues are conserved among most members of the ParB superfamily, with the exception of the P1 ParB, which has Gln179 and Arg184 at the corresponding positions (28) . The Lys190 of Ct-HpSpo0J interacts with parS in a manner similar to that of the Arg219 of F-SopB (29, 34) . However, interactions corresponding to those of Arg215 and Glu218 have not been reported for other systems. Although HpSpo0J shares the typical DNA-binding domain structure with P1 ParB, RP4-KorB, and F-SopB, several differences in their protein-DNA interactions exist. In addition, Gln148, Lys157, Ser158, Arg159, Arg167, Gly187, Val214, Arg222, and Arg225 on Ct-HpSpo0J interact with the phosphate backbone of the parS DNA. Numerous hydrophobic interactions between Ct-HpSpo0J and parS can also be observed. The detailed interactions between Ct-HpSpo0J and parS are listed in Table S1 . In summary, the overall DNA-binding domain fold is broadly conserved with those of previously reported structures (27) (28) (29) . However, certain unique interactions are present and might account for variations in parS recognition in different species.
Oligomerization Promoted by Adjacent and Transverse Interactions.
The oligomeric structure of the Ct-HpSpo0J-parS complex is formed by four Ct-HpSpo0J molecules (chains A, B, C, and D) binding with four parS molecules (Fig. 3A) . The parS binding domain of the Ct-HpSpo0J-parS complex is preserved in the oligomer and has an overall structure similar to those of other ParB superfamily proteins (Fig. S2 ). However, their N-terminal domains are oriented differently. The N-terminal domain of the monomers participates in various protein-protein interactions when HpSpo0J exists in an oligomeric form. This oligomer might mimic a high-order complex in the ParABS system to promote ParB spreading. A highly cooperative molecular assembly is needed for ParB spreading, and the nucleoprotein complexes are essential in the partition system (18) (19) (20) .
The flexible N-terminal domain (α1-3 and β1-3) of the Ct-HpSpo0J is exposed and interacts to form AB, AC, and CD dimers, with buried interfaces of 753, 602, and 824 Å 2 , respectively. For the AB dimer, the B molecule interacts with the A molecule, by β1-β2, loop β2-α2, and α2. For the AC dimer, the C molecule interacts with the A molecule, by loop α1-β1, β1, loop β2-α2, and α2 (Fig. S3A) . In both dimers, the B and the C molecules interact with the A molecule with different regions, except loop β2-α2 (residue Ala86) and α2 (residue Arg89) (Fig. S3A) . For the AB and the AC dimers, the A molecule interacts with the B and the C molecules at distinct regions, using the linker helix (α3) to approach the B molecule and the two N-terminal end helices (α1 and α2) to contact the C molecule (Fig. S3B) . The dimeric interactions of CD are similar to those of the AB dimer (Table  S2 ). The B and the D molecules do not interact and appear to provide only adjacent interactions needed for the AB and the CD dimer formation but not the transverse interaction. Possibly, the N-terminal domains of the B and the D molecules might interact with other proteins, e.g., ParA/Soj. In summary, these dimer interfaces appears to be mainly promoted by the residues from α1-3 and β1-2 of the N-terminal domain. Residues that are interacting at the dimeric interfaces are listed in Table S2 .
The N-terminal domain of ParB has been suggested to be essential for ParB spreading and DNA condensation during chromosome segregation (20, 35) . Yamaichi et al. (4) identified two conserved motifs, boxes I and II, in the N-terminal domain of BsSpo0J. A mutagenesis study by Kusiak et al. (35) indicated that residues in the box I and the box II regions of P. aeruginosa ParB (PaParB) were involved in dimer formation. They have isolated a ParB oligomer by chemical crosslinking. The highly conserved residues Gly71/Arg94/Ala97 in PaParB were involved in a higher-order complex formation. Gly68/Arg90/Ala93 are the corresponding residues in HpSpo0J. Our finding that Arg90 involved in protein-protein interaction is consistent with Kusiak's results. However, the interactions for Gly68 and Ala93 cannot be found. Conserved residues in box I and II that participate in the oligomerization and play an important role in the higher-order complex formation are listed in Fig. S4 and Table S2 .
A highly conserved "arginine patch" with the sequence "RRXR" is found in box II of ParB. Mutations of these arginines do not impair the protein binding to parS (20, 35) . In the N-terminal domain of HpSpo0J, the corresponding box I (residues 63-76) is located between α1 and β1, and box II (residues 82-93) is located between β2 and α2 ( Fig. 3 and Fig. S4 ). In the Ct-HpSpo0J-parS complex, residues from these two conserved boxes participate in oligomer formation but not in the parS binding ( Fig. S4 and Table  S2 ). The arginine patch in HpSpo0J,
89
RRLR 92 positioned at α2 faces a neighboring molecule, and the three arginines, Arg89/Arg90/ Arg92, are involved in interchain interactions (Fig. 3) .
In the Ct-HpSpo0J-parS complex, molecules A and B form a cross-wise dimer using adjacent molecular interactions via N-terminal domain residues (Fig. 3 A and B) . Residues of α3 and α4 in chain A interact with Arg89 of chain B. Several hydrogen bonds are formed between Met114/Arg115 (α3) and Ser143 (α4) of chain A and Arg89 of chain B (Fig. 3C and Table S2 ). In addition, Glu150 (α5) of chain A forms a salt bridge with the conserved Arg49 of chain B. These hydrophilic interactions might be essential for AB dimer formation. In addition, the AB dimer formation involves hydrophobic interactions (Table S2) including mainly box II residues. The mutagenesis of the BsSpo0J Gly77, which is conserved in all ParB sequences except that of P1 ParB, indicated that the mutation (G77S) does not prevent ParB bridging in the spreading process (20) . The corresponding residue in HpSpo0J is Gly87 which is involved in the dimer interaction in the Ct-HpSpo0J-parS complex.
Chains A and C form a bridging dimer via transverse molecular interactions of residues in their N-terminal domains (Fig. 3  A and D) . For instance, a hydrogen bond forms between the side chain and main chain of Arg89 in chains A and C, respectively. In addition, Gln62 (α1) of chain A interacts with the side chain of Arg89 of chain C, and the chain A Gln71 (loop α1-β1) interacts with the chain C Val73 (Fig. 3E and Table S2 ). Hydrophobic interactions involving mainly box I residues (Table S2 ) also contribute to AC dimer formation.
In the Ct-HpSpo0J-parS complex, the molecular interactions between a cross-wise AB dimer are more extensive than those of the bridging AC dimer. In particular, Arg89 in the arginine patch participates in the dimer formation, whereas Arg90 and Arg92 might maintain the stability of molecule. Arg90 forms several hydrogen bonds with Gln71/Pro72/Ala86, which may stabilize loops α1-β1 and β2-α2. Arg92 forms hydrophilic interactions with Glu88 and water molecules, which may stabilize α2 (Fig. 3 C and E) . However, a mutagenesis study is needed to confirm these speculations.
Structural Comparisons. ParB has a central parS binding domain that connects to its N and C termini with flexible linkers (linkers 1 and 2), which might affect the orientations of the domains (30 (Figs. S4 and S5 ). In the absence of DNA, TtSpo0J has a bent N-terminal domain that folds a tight dimer in a closed conformation to stabilize the overall structure (10). The DNA-binding domains of TtSpo0J and HpSpo0J can be well superimposed, and they share a similar HTH motif (α4-6; Fig. S5A ). Although the N-terminal domains of both proteins have a similar fold, there is a distance of 64 Å between the Cα atoms of the Asp55 of Ct-HpSpo0J and the Glu45 of TtSpo0J. The N-terminal domain of the Ct-HpSpo0J-parS complex adopts an open conformation, suggesting that parS binding might induce a conformational transition. This conformational change might be needed for the assembly of the highorder ParB-parS complex. In contrast, Leonard et al. (10) proposed that parS binding might cause the dissociation of the C-terminal domain into an open conformation and thus available for oligomerization. However, the structure of TtSpo0J was determined in the absence of DNA and the C-terminal domain. Based on our Ct-HpSpo0J-parS complex structure, the N-terminal domain becomes an open conformation upon parS binding and is involved in protein-protein interaction.
Although their sequence homology is low, the Ct-HpSpo0J-parS and the P1 ParB-parS (1ZX4) (28) complexes have similar DNAbinding domains (α4-6 in Ct-HpSpo0J and α1-3 in P1 ParB) with an RMSD of 0.9 Å in Cα atoms (Fig. S5 B and C) . The N-terminal domain of HpSpo0J and the C-terminal domain of P1 ParB are pointed away from their DNA-binding domains and protruded outward (Fig. S5B) . The corresponding helices α7 and α10 of P1 ParB and Ct-HpSpo0J, respectively, are oriented in opposite directions (Fig. S5C) . Consequently, α10 of the Ct-HpSpo0J-parS complex is involved in parS binding, whereas the α7 of the P1 ParBparS complex participates in C-terminal domain dimerization. These differences might because of the P1 ParB-parS complex include the C-terminal domain and linker 2 that would trigger the C-terminal domain dimerization and modify the parS-bound state.
A full-length ParB structure is not currently available. From structural predications and comparisons of P1 ParB [Protein Data Bank (PDB) ID code 1ZX4], TtSpo0J (PDB ID code 1VZ0), and Ct-HpSpo0J (this study), they might share a similar structural topology (Fig. S5D) . Therefore, a structural model of the full-length Spo0J can be built by aligning the DNA-binding domain of Ct-HpSpo0J and P1 ParB complexes for which the N-and C-terminal domains can be constructed, respectively. This structural model has an omega shape (Fig. S5 B and C) . The N and C termini of this model appear to be exposed and could therefore orient in various directions.
Full-Length HpSpo0J. We used SAXS to further investigate the full-length HpSpo0J. The SAXS data was fitted by GNOM and the result are shown in Fig. S6 A and B, respectively. From the SAXS data, a nonglobular molecular envelope (Fig. 4) was generated using ab initio calculation. The overall structure of HpSpo0J was modeled by DAMMIN, using the structures of the Ct-HpSpo0J-parS complex (this study) and the P1 ParB-parS complex (28) as templates. Although the sequence homology of the C-terminal domains of HpSpo0J and P1 ParB is not high, they are predicated to share similar secondary structures (Fig.  S5D) . After fitting the C-terminal domain of P1 ParB into the nonglobular envelop, the N-terminal and DNA-binding domains of HpSpo0J were fit into the two arms of the molecular envelope (Fig. 4) . Based on the SAXS data, the full-length HpSpo0J is a Y-shaped structure that might dimerize via its C-terminal domains, whereas its N-terminal domain is available for neighboring molecular interactions (Fig. 4) . This suggestion is consistent with the SEC-MALS results (Fig. S1A) , showing the full-length HpSpo0J forms a dimer in solution. However, we cannot exclude other possibilities because of the flexibility of the N-terminal domain and the low sequence homology of the C-terminal domain with that of P1 ParB.
Discussion
ParB binds specifically to parS sites and also associates with neighboring nonspecific DNA (14, 36) . The N-and C-terminal domains of ParB may exhibit different functions during the course of chromosome segregation (10) . The C-terminal domain serves primarily as a region for dimerization (10) . The flexible N-terminal domain is responsible for molecular spreading with a neighboring ParB and interactions with ParA and SMC (12, 20) . ParB spreading is essential for recruiting multiple and remote DNAs around the parS site (20) . The higher-order partition complex needs to be formed, and the chromosomal DNA needs to be compacted and condensed for chromosome segregation.
In the Ct-HpSpo0J-parS complex, AB and AC dimer formation occurs via their N-terminal domains by various molecular interactions, structurally and functionally (Fig. 3) . Adjacent interactions involve residues in chain A α3 and α4 to interact with those in chain B α2 to form the AB dimer. Alternatively, transverse interactions of the AC dimer require the residues in chain A α1 and α2 to interact with those in chain C α2. These adjacent and transverse molecular interactions involving the N-terminal domain might mimic how ParB spreads after binding parS. The highly conserved Arg89 in the arginine patch also provides important interactions for cross-wise and bridging dimers formation.
Accordingly, we propose a ParB spreading model (Fig. 5 ). In this model, all three domains of ParB participate cooperatively for molecular spreading. In this process, the DNA-binding domain binds to chromosome at a specific parS site. The C-terminal domain of ParB dimerizes with a neighbor to stabilize the ParBparS complex. The flexible and protruded N-terminal domain provides multiple protein-protein interactions. The neighboring ParB dimers interact by adjacent interactions through the N-terminal domain and spread along the chromosomal DNA, horizontally. In addition, using transverse interactions via the N-terminal domain, the bridging ParB dimers recruit the distal chromosomal DNA vertically. These molecular interactions assemble the ParB molecules into a tetrameric-like oligomer. Taking in the specific and nonspecific DNA binding of ParB, a high-order nucleoprotein complex can be built and situated on the chromosome. ParB spreading takes place spatially and the remote chromosomal DNA can be engaged by looping and compacted. Subsequently, the auxiliary ATPase protein ParA and SMC protein could be recruited, and the chromosomal DNA is condensed. Finally, DNA segregation will occur.
Only a small number of Spo0J molecules are found spreading over many kilobases of DNA. This observation is not consistent with the quantity of Spo0J in cells (20) . Graham et al. (20) suggested that molecular spreading involved DNA bridging and that nearest-neighbor interactions associate ∼20 Spo0J dimers with a parS. Broedersz et al. (26) suggested a ParB-spreading model that combines one-dimensional spreading with 3D bridging of ParB proteins on DNA for the formation of a coherent complex. These biochemical and in vivo results strongly support the physiological relevance of the HpSpo0J, as the arginine patch (R89, R90, and R92) was observed to form part of the oligomerization motif (Fig. 3) . Our structural data and ParB spreading model are consistent with observations concerning the chromosome partition system. Based on the Ct-HpSpo0J-parS complex structure (Fig. 3) , long-range DNA looping can be achieved via the cooperation of transverse and adjacent interactions to assemble a high-order ParB-parS complex that span many kilobases of DNA. The significant molecular interactions found in the Ct-HpSpo0J-parS complex provide a mechanism to mimic ParB spreading in the chromosome partition system.
Materials and Methods
EMSA. The DNA binding activities of HpSpo0J and Ct-HpSpo0J to parS were assayed using an EMSA. Reaction mixtures contain 2.4, 4.7, and 9.4 μL of HpSpo0J (29 μM) or Ct-HpSpo0J (29 μM) and 0.4 μL parS (100 μM) in molar ratios of 2, 4, and 8 (protein: DNA), respectively (Fig. 1A) . Each mixture was brought to a final volume of 15 μL of an elution buffer at 25°C for 15 min. The samples were then resolved through 8% (wt/vol) polyacrylamide (19:1) gel in 1× Tris/Borate/EDTA (TBE) buffer at 80 V and 4°C for 3 h.
Crystallization. The Ct-HpSpo0J-parS complex crystal was grown using the hanging-drop vapor diffusion method. Ct-HpSpo0J (20 mg/mL) was mixed with parS at a molar ratio of 4:1 (protein: DNA) in the reaction buffer. The protein sample was mixed and then equilibrated against precipitant solution at 293 K. The Ct-HpSpo0J-parS complex crystals grown by precipitant solution [14-16% (vol/vol 
Detailed descriptions of experiments are provided in SI Materials and Methods. In general, full-length HpSpo0J (residues 1-290) and Ct-HpSpo0J (residues 1-240) were expressed in E. coli strain SG13009 and purified by Niaffinity chromatography (Fig. S1B) . The Ct-HpSpo0J-parS complex was crystallized, and the structure was determined by the multiwavelength anomalous dispersion method (33) . The structural refinement was carried out by CNS (37) and PHENIX (38) . The statistics of X-ray diffraction data and structural refinements are summarized in Table S3 . The dissociation constant (K d ) was determined by fluorescence anisotropy using Prism (GraphPad Software). The solution state of HpSpo0J and Ct-HpSpo0J were determined by SEC-MALS. The structural model of the full-length HpSpo0J in solution was determined by SAXS.
